Two novel core-switching rearrangements to natural product-like privileged scaffolds that proceed in up to 99% yield have been developed. The deviation away from planarity of the central N-acyl urea carbonyl, caused by the structure of the mediumsized ring, dictates the exclusive reaction outcome. Proposed mechanisms and products for the reaction pathways are supported by small molecule X-ray crystallography and an isolated intermediate. Twenty-four novel rearrangement products are reported.
Introduction
Rearrangements are of central importance in organic synthesis allowing remarkable and efficient transformations of simple starting materials to complex products in one pot. 1 In particular, rearrangements that give difficult to access ring sizes and ring fusions are much sought after. 2 As part of a discovery programme, we explored the reactivity and chemistry of nine and ten-membered N-acyl cyclic ureas towards nitrogen-containing heterocyclic rearrangement chemistry. 3 Pyrrolo[2, 3-b] quinolines and fused diazocines such as diazocino [1,2-a] indolinones are important nitrogencontaining heterocycles prevalent in natural products and pharmaceuticals. The pyrrolo [2,3-b] quinoline is a privileged scaffold found in biologically important molecules such as blebbistatin (a myosin II inhibitor, Figure 1A ) 4 and PGP-4008 (as a selective P-glycoprotein (P-gp) mediated drug release (MDR) modulator). 5 The diazocino and fused diazocino scaffold can be found in natural products such as the sperimidine derived alkaloids, 6 peptidomimetic scaffolds, 7 in SM-406/AT-406 ( Figure   1A ) an inhibitor of proteins involved in apoptosis 8 and small-molecule mimetics of second mitochondria-derived activator of caspases (Smac). 9 The α-hydroxyindolinone unit is present in the natural products matemone 10 and melochicorine. 11 In particular, matemone inhibits cell division (IC50 = 35 µg mL -1 ) and showed moderate activity against three cancer cell lines (lung, pancreas and prostate) and antibacterial activity against S. Aureus. Our recent studies with compounds related to type 1 12 ( Figure 1B ) have demonstrated the unusual properties associated with these atropisomeric medium-ring systems.
Compounds of type 1 can be accessed rapidly via pentacyclic ring fusion from N-aryl lactams and anthranilates 13 followed by m-CPBA mediated Grob fragmentation. 14 Herein, we report the rearrangement chemistry associated with 9 and 10-membered examples of 1 to access privileged diazocino [1,2-a] indolinones 2 and pyrrolo[2, 3-b] quinolines 3.
Results and Discussion
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During the detailed NMR spectroscopic experiments involved with understanding the atropisomeric nature of 1a, 14 it was found that 1a in d4-methanol upon standing transformed quantitatively into a new product. This reaction could be replicated using sodium methoxide in methanol. X-ray crystallographic analysis of the crystals obtained revealed the structure as 2a (Scheme 1). 15, 16 Scheme 1. Plausible reaction pathway for the formation of 2a from 1a and a representation of the small molecule X-ray crystallographic analysis of 2a. Reaction conditions: NaOMe, MeOH, 25 o C, 10 min, 99%.
A proposed mechanism for the rearrangement of 1a is shown in Scheme 1. The key step in this transformation was attack of the nucleophile at the C(16) carbonyl group of 1a to afford A. It is proposed that cyclisation of A furnishes the more thermodynamically stable 2a. Ureas are typically quite poor electrophiles, so it was initially surprising that a reaction took place at this functionality. However, the C (16) carbonyl group is tilted out of the plane contains the two nitrogens (N (6) and N (15) ) and the C(1) carbonyl group (the X-ray crystal structure of 1a can be found at CCDC-804714). 14 Therefore, the C(16) carbonyl group would be more reactive than expected to nucleophilic attack. The non-planarity of the urea has the effect of lessening the 5 electron donation into the π * orbital of the C(16) carbonyl group and hence increasing the electrophilicity of the urea carbonyl group. On simpler substrates there have been examples of oxidative cleavage and nucleophile induced rearrangement 17 not driven by carbonyl group distortion. Consistent with the proposed mechanism, reaction of an optically-enriched sample of 1a with sodium methoxide gave a racemic sample of 2a (see Scheme S1 for a more detailed discussion). 15 A screen of nucleophiles that could potentially replicate this transformation was also carried out (Table S1 ). 15 The scope of this rearrangement was determined by screening a collection of nine-membered Nacyl cyclic ureas 1 (Table 1) with different alkoxides using optimised conditions (Table   S2 ) and subsequently amines (optimised conditions detailed in Table S3 ). 15 6 Table 1 . Examples of O and N-centred nucleophile-induced rearrangement of the nine-membered ring system to (±)-2 and a representation of the small molecule Xray crystallographic analysis of 2i. a Reaction conditions: 1 (0.06 mmol), NaOR (0.13 7 mmol), ROH (2 mL), 25 o C, 10 min. b Reaction conditions: 1 (0.06 mmol), RNH2 (0.06 mmol), THF (3 mL), 25 o C, 3h. c All isolated yields.
It was observed that the alkoxide-induced rearrangement was general on a selection of nine-membered substrates (1a-1d). 14 Almost all alkoxide-induced rearrangments proceeded in nearly quantitative yield at ambient temperature and with short reaction times and the products could be easily purified either by column chromatography or recrystallisation.
The amine-induced rearrangements proceeded in similar high conversions as determined by 1 H NMR analysis of the crude reaction mixture. 15 However, a significant reduction in isolated yield was observed across examples 2i-2o. This was due to the polar nature of the installed N, N'-substituted urea leading to difficulties in elution.
Conclusive evidence that the amine-induced rearrangement afford the analogous 5,8-ring system was obtained via the small molecule X-ray crystallographic analysis of 2i (Table 1) . 15, 16 With the successful synthesis of the azepinoindole (5, 8) -ring system 2 by rearrangement of the N-acyl cyclic ureas 1a-d (nine-membered), it was decided to investigate whether the ten-membered N-acyl cyclic ureas 1e-f 14 would undergo a similar rearrangement to generate the azepinoindole (5,9)-ring system. Treatment of 1e with sodium methoxide in anhydrous methanol did not afford the expected 5,9-ring system (2p), instead a pyrrolo[2, 3-b] quinoline 3a was obtained exclusively (Scheme 2). It is proposed that enolisation of the α-diketone in 1e with sodium methoxide acting as a base would lead to the formation of products containing a pyrrolidine ring system in 3 from attack of the C9 enolate at the C(17) carbonyl group (see Scheme 3 for mechanistic discussion in the context of the reaction of 1g).
The small molecule X-ray crystallographic analysis of 1e also provided interesting information. 14 The key dihedral angle (C(15a)-N(16)-C(17)-O(17)) was closer to planarity in the ten-membered 1e at +14 o 18 (c.f. +25 o in the nine-membered 1a). This implies the C(17) carbonyl is less electrophilic and direct reaction with sodium methoxide leading to a ring-opened structure is less favoured. Enolisation at C8 (Scheme 1) could operate in the nine-membered ring system (such as 1a) but would be unproductive as a highly strained 4-membered ring would result from attack at the analogous C(16) carbonyl group.
The postulated mechanism for the formation of the pyrrolo[2, 3-b] quinoline (Scheme 3) was supported when substrate 1g was used in this reaction. In this case it was found that only trace quantities of the now expected pyrrolo[2, 3-b] quinoline 3d (Table 3) was isolated. Elucidation of the structure of the major isolated product 4 (Scheme 3) was 9 achieved by 1 H, 13 C and 2D-NMR experiments ( 1 H-13 C HSQC, 1 H-13 C HMBC and 1 H- 13 C COSY NMR spectra). 15 The tabulated 1 H and 13 C NMR assignments relating to 4 are shown in Table S4 . 15 Key points in the structural determination of 4 included the signals corresponding to the C2-H2 and C3-H2 protons being observed as a pair of triplets indicating a five membered ring had formed as the C(9) protons in 1g had disappeared (Scheme 3).
The 1 H-13 C HMBC NMR spectrum of 4 was used to determine the location of the single ethyl ester, which indicated that it was connected to ring D. Furthermore, the 1 H and 13 C NMR shifts on the protons and carbons, in ring D of 4 were analogous with those present in 3d. A broad singlet in the 1 H NMR spectra indicated that an exchangeable proton i.e. OH or NH existed. Due to the 13 C chemical shifts of the C(9) (134.7 ppm) and C(9a) (148.6 ppm) carbons in 4 an NH motif was ruled out because, if present, this would have the effect of moving the chemical shifts in ring A upfield (which was not seen). Furthermore, infra-red spectroscopy indicated the presence of an intramolecular H-bond at 2977 cm -1 . The enol form of the aza-tropinone in 4 is the preferred tautomer of the ring system and similar examples have been reported. 19 The structure of ring B in 4 could now be assigned using a 1 H-13 C HMBC NMR experiment (Scheme 3, inset). A correlation was observed between the C3, 6 and 9 protons with the C5 carbonyl carbon. Similarly, a correlation was observed between the C3 protons and the C4 carbon. The cyclopropanone E will be labile to attack by alkoxide and in doing so the ring strain will be relieved. Elimination of hydroxide from E will generate an aromatic quinoline ring (c.f. Camps quinolinol synthesis 22 ). In favour of pathway B is recent work by Karimi 23 which details an oxidative Favorskii rearrangement of an aryl fused seven-membered ring which contracts invoking a cyclopropanone intermediate to a six-membered ring system. This type of ring contraction of seven to six-ring systems has previously been reported. 24 In this unexpected reaction of ten-membered examples of N-acyl cyclic ureas 1 (1e-1h) a series of steps occur in concert to generate a 2,3-dihydro-1H-pyrrolo[2, 3-b] quinoline 3, the driving force being presumably the generation of an extended aromatic system. When 4 was re-submitted to the reaction conditions 3d was obtained. Intermediates of structural type 4 were not isolated and characterised from other alkoxide or amine-induced rearrangements to 3. Further evidence for the presence of intermediates analogous to 4 was provided by 1 H NMR analysis of the NaOMe reaction with 1g which provided evidence of a similar intermediate (containing one methyl carboxylate group) but in insufficient quantity for a full assignment (trace < 5%, data not shown).
The alkoxide-induced rearrangement of 1 to 3 required little optimization (Table S5) . 15 The initial reaction conditions proved robust, with good isolated yields after column chromatography. Attempts to push the reaction further by heating at reflux overnight led to a reduced yield alongside apparent degradation of the product. Addition of extra equivalents of alkoxide also failed to improve the reaction yield. Attempts to optimise the amine-induced rearrangement of 1e required more study ( Table 2 ). The percentage conversion improved by refluxing the reaction mixture in higher boiling point solvents. It was also noted that using a 10-fold excess of the amine improved the 12 yield of the reaction but only modest improvements in conversion (and isolated yield) were observed.
Changing to microwave irradiation allowed for a dramatic reduction in reaction time.
Low power usage using a commercially available microwave (100 W, entry 6) gave the first indication that the reaction conversion could be improved. Higher power usage (200 W, entry 7) led to degradation. A refinement of this approach allowed for the removal of the need for solvent. Instead, the addition of 10 equivalents of the amine to 1e formed a slurry which allowed the reaction to proceed. The percentage conversion measured by 1 H NMR analysis of the crude reaction mixture indicated that almost complete consumption of the starting material had occurred when using 150 W (entries 8 and 9). After column chromatography the isolated yield for 3a was an acceptable 58%. To explore if the pyrrolo[2, 3-b] quinoline reaction was general, a series of tenmembered N-acyl cyclic ureas 1e-1h were subjected to alkoxide or amine-induced rearrangement using the optimised conditions in either a commercially available microwave reactor or a Radleys ® Greenhouse parallel synthesiser. The results of these experiments are detailed in Table 3. 14 Table 3 The alkoxide-induced rearrangement proceeded in modest to good yields (3a-3c), the noticeable exception being 3d which was afforded in a 7% yield but delivered the isolated intermediate 4 in 40% yield and informed additional mechanistic 15 understanding of this reaction. A trend regarding the steric requirements of the alkoxides was identified. Using a secondary alkoxide (sodium isopropoxide) prevented the rearrangement occurring (3i-3l) and led to the recovery of the starting material (1e-
1h).
Similarly, to the azepinoindole rearrangement in the nine-membered N-acyl cyclic urea series the incorporation of an amine-based nucleophile could be optimised for high conversions (Table 2 ) but the resulting isolated yield after column chromatography was reduced due to the polar character of the double amide-containing product that was formed (Table 3) . Therefore, trends regarding amine nucleophiles were more difficult to rationalise due to the isolation method employed. Further examples of related structural analogues of the two rearrangements are in biological evaluation and will be reported in due course.
Conclusion
In summary, we have developed a selective, one-pot syntheses of diazocino [1,2-a] indolinones and pyrrolo[2, 3-b] quinolines from readily accessed starting materials.
Assignment of the products from these rearrangements was derived from X-ray crystal structure evidence and advanced NMR spectroscopic techniques. In the ring-enlarged N-acyl cyclic urea series a rearrangement was observed to afford pyrrolo[2, 3-b] quinoline 3. The mechanism of the pyrrolo[2, 3-b] quinoline reaction in the 10-membered N-acyl cyclic urea series was elucidated by the isolation of a reaction intermediate 4.
16
Experimental Section
General Methods. Unless otherwise noted, all the commercial reagents were used without further purification. All reactions involving moisture sensitive reagents were performed in oven dried glassware under a positive pressure of argon.
Tetrahydrofuran (THF), dichloromethane (DCM) and toluene were obtained dry from a solvent purification system (MBraun, SPS-800 MHz; 13 C, 125 MHz) spectrometer and in the deuterated solvent stated. 13 C NMR spectra were acquired using the PENDANT or DEPTQ pulse sequences. All NMR spectra were acquired using the deuterated solvent as the lock. Coupling constants -7,8-dihydro-benzo[d] quinazolo [1,2,3-a,b] [1, 3] diazonane -1,9,10,16- tetrone (1b): 5-hydroxy methyl anthranilate (4.0 g, 23.9 mmol), 1-pentanol (3.9 mL, 35.9 mmol) and triphenylphosphine (9.4 g, 35.9 mmol) were dissolved in anhydrous tetrahydrofuran (40 mL) to which was added diethylazodicarboxylate (5.7 mL, 35.9 mmol) and stirred at room temperature for 72 h. The reaction mixture was washed with 2.0 M NaOH (2 x 50 mL), water (100 mL) and the aqueous layer extracted with ethyl diazabenz [e] aceanthrylene (0.23 g, 0.63 mmol, 63%) was afforded as a yellow powder using the general procedure reported. 13 Briefly, A mixture of the methyl anthranilate added purified m-CPBA (2.5 mmol, 2.5 eq.) portion-wise. The reaction mixtures were shaken at room temperature for 16 hours and then added NaHCO3(aq.) (10 mL) and extracted with dichloromethane (3 x 10 mL). The organic layer was dried (MgSO4), filtered and concentrated in vacuo to give a solid which was purified by dry-flash column chromatography over silica gel (3:7, ethyl acetate:hexane) furnished the title compound. Recrystallisation from acetone afforded an analytically pure sample of 12- -7,8-dihydro-benzo[d] quinazolo [1,2,3-a,b] [1, 3] 
12-Pentyloxy
Pentyloxy
Typical Procedure for the Synthesis of 2.
Alkoxide nucleophiles: Reactions were conducted in parallel using the Radleys Greenhouse Parallel synthesiser. To a solution of the N-acyl cyclic urea 1 (0.06 mmol, 1.0 eq.) in the respective anhydrous alcohol (methanol or ethanol) (2 ml) was added the respective sodium alkoxide (sodium methoxide or sodium ethoxide) (0.13 mmol, 2 eq.). The reaction mixture was stirred at room temperature for 10 min and then evaporated in parallel, re-dissolved in dichloromethane (2 x 4.0 mL) and washed with NaHCO3(aq.) (2 x 2.0 mL). The mixtures were passed through an Isolute TM phase separator and the organic layer was dried (Na2SO4 cartridge) and concentrated in vacuo to give a solid which was purified by recrystallisation from ethyl acetate/hexane to afford the title compound. , 4.58; N, 7.95; found: C, 64.76; H, 4.24; N, benzo [c]-8,14-diazocin-5,13-dione (2b) benzo [c]-8,14-diazocin-5,13-dione (2c) -6,7-dihydro-5a-hydroxy-indolin[1,2-a] benzo [c]-8,14-diazocin-5,13-dione (2d) carboxylate-6,7-dihydro-5a-hydroxy-indolin[1,2-a] benzo [c]-8,14-diazocin-5,13-dione (2e) -3-pentyloxy-6,7-dihydro-5a-hydroxy-indolin[1,2-a] benzo [c]-8,14-diazocin-5,13-dione (2f) -8-(ethyl carboxylate)-6,7-dihydro-5a-hydroxy-indolin[1,2-a] -8-(ethyl carboxylate)-6,7-dihydro-5a-hydroxy-indolin[1,2-a] benzo [c]-8,14-diazocin-5,13-dione (2h) benzo [c]-8,14-diazocin-5,13-dione (2i) benzo [c]-8,14-diazocin-5,13-dione (2j) benzo [c]-8,14-diazocin-5,13-dione (2k) -8-N-butyl carboxamide-6,7-dihydro-5a-hydroxy-indolin[1,2-a] -3-pentyloxy-6,7-dihydro-5a-hydroxy-indolin[1,2-a] benzo [c]-8,14-diazocin-5,13-dione (2n) Alkoxide nucleophiles: Reactions were conducted in parallel using the Radleys Greenhouse Parallel synthesiser. To a solution of the N-acyl cyclic urea 1 (0.06 mmol, 1.0 eq.) in anhydrous methanol or ethanol (2 mL) was added the sodium alkoxide (sodium methoxide or sodium ethoxide were added as powders (0.12 mmol, 2.0 eq.).
8-Methyl carboxylate-6,7-dihydro-5a-hydroxy-indolin[1,2-a]benzo[c]-8,14-diazocin-
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2-Chloro
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The reaction mixture was stirred at room temperature for 16 h. The reaction mixtures were evaporated in parallel, re-dissolved in dichloromethane (2 x 4.0 mL) and washed with NaHCO3(aq.) (2 x 2.0 mL). The mixtures were passed through an Isolute TM phase separator and the organic layer was then dried (Na2SO4 cartridge) and concentrated in vacuo to give a solid which was purified by recrystallisation from acetonitrile to afford the title compound.
Amine nucleophiles: N-acyl cyclic urea 1 (0.06 mmol, 1.0 eq.) in a glass microwave tube was added an excess of the relevant amine (n-butylamine, benzylamine, or 4-(2-aminoethyl)morpholine) (0.6 mmol, 10 eq.) forming a slurry. The reaction mixture was irradiated to 80 o C, (maximum 150 W), with air flowing through the reaction chamber, for 5 minutes. Upon cooling to room temperature the reaction mixture was added KHSO4(aq.) (4.0 mL) and the organic material was extracted with dichloromethane (2 x 4.0 mL) using an Isolute TM phase separator. The organic layer was dried (Na2SO4 cartridge) and concentrated in vacuo to give a solid which was purified by recrystallisation from acetonitrile to afford the title compound.
